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Activity Patterns  of Interneurons in the Caudal 
Ganglion of the Crayfish 
DONALD  KENNEDY  and JAMES B. PRESTON 
ABSTRACT  Responses  of ascending interneurons from the  caudal  ganglion 
of crayfish have  been  recorded from single  units isolated by dissection  from 
the ventral nerve cord; in addition, post-synaptic activity within the ganglionic 
neuropile  has  been  studied  with  intracellular  micropipettes.  The  following 
classes of interneurons have been found: (I)  Large fibers which responded to 
tactile stimuli with single  spikes or phasic bursts.  These units usually showed 
broad receptive fields; and spontaneous activity, when present, showed  transi- 
tory depressions  following responses  to natural stimuli.  (2)  A group of fibers, 
including many small  ones,  which responded  to proprioceptive  stimuli with 
tonic discharges  of varying adaptation rate.  (3)  Interneurons which showed 
responses both to tactile stimuli and to activation of the sixth ganglion photo- 
receptor;  and  (4)  units with constant frequency discharges which were  un- 
modifiable by any of the above afferent inputs. 
Intraeellular recording of post-synaptic activity has shown (1)  that widely 
graded excitatory post-synaptic potentials occur; (2)  that multiple firing from 
single  synaptic  potentials  is  usual;  (3)  that  the  post-synaptic  responses  to 
phasic  natural  stimuli  and  to  electrical  stimulation  of ganglionic  roots  are 
similar. 
The  existence  of widely graded  post-synaptic potentials  and  of extensive 
receptive fields suggests a  high degree of convergence from primary afferents 
to interneurons. The activation of such post-synaptic units involves integrative 
synaptic  transfer,  without  1:1  correspondence  between  pre-  and  post-fiber 
activity. 
The experiments reported here are  an attempt to analyze the activation of 
central neurons  within  the  sixth  abdominal ganglion of the  crayfish.  This 
ganglion, the last in the ventral abdominal chain, represents the first outpost 
of central  integration  for  afferent  stimuli  originating in  the  posterior  ab- 
dominal  segments.  The  most  prominent  sources  of  such  stimuli  are  (a) 
tactile hair receptors  on the  caudal appendages;  (b)  various proprioceptive 
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endings in  the  muscles and joints  of these  segments and  their  appendages 
(2,  3,  13);  (c)  a  photoreceptor within the ganglion itself,  consisting of pri- 
mary light-sensitive cells responsible for  the intraganglionic activation of a 
number of ascending interneurons (7). 
Our interest in this system stems from the fact that present understanding 
of synaptic mechanisms which lead  to  neural  integration has  come chiefly 
from systems in which the junctions are  of the  axosomatic or  axodendritic 
type.  In  the  decapod  Crustacea,  however,  as  in  some  other  invertebrate 
groups,  most  of the  central  synapses  are  between  fibers;  moreover,  these 
organisms exhibit an impressive economy in  number of central  and  motor 
neurons. These facts attract interest to the possible synaptic mechanisms in- 
volved. In addition, they raise important questions about the ways in which 
central  interneurons carry  information.  It may be  wondered,  for  example, 
if the paucity of central  units leads  to  extensive  "doubling  up"  in  the re- 
sponse  of interneurons  to  various  sensory modalities.  It  would  also  be  in- 
teresting to know how such central units handle information from the very 
large  number  of excitatory  connections which  presumably  converge  upon 
them.  Although  studies  of  synaptic  mechanisms  in  these  organisms  have 
been undertaken, they have for the most part involved either  (a)  the giant 
fiber  relay  systems,  in  which  there  is  usually  obligatory,  non-integrative 
transmission (5), or (b) integrative systems with special anatomical properties, 
including  axosomatic  synapses,  such  as  the  cardiac  ganglion  of  decapod 
Crustacea (6,  10). 
The  activation  of post-synaptic  units  in  the  ganglion  has  been  studied 
from two points of view. The first of these seeks to evaluate the patterns of 
activity of ascending interneurons, in terms of the sensory modalities which 
they  serve.  It  will  be  shown  that  such  units  frequently  show  activation 
through more than one sensory modality, and that the nature of their sensory 
inputs  and  the  discharge  patterns  which  they  exhibit  often  correlate  with 
fiber  size,  spontaneous  activity,  and  other  features.  These  conclusions are 
based  upon extracellular  recordings of the  activity  of single  units  isolated 
from the ventral nerve cord anterior to the sixth ganglion. The second ap- 
proach is concerned with synaptic mechanisms in the activation of ganglionic 
units,  and has been pursued through microelectrode recordings from inside 
post-synaptic  cells  within  the  ganglion  itself.  Responses  from  such  units 
have been elicited both by natural sensory stimuli, and by electrical stimula- 
tion of the pairs of roots which enter the ganglion and contain the sensory 
fibers from peripheral receptors. The present paper will deal primarily with 
a  comparison of the activity evoked by these two modes of stimulation. An 
analysis of synaptic mechanisms will be the subject of a  second communica- 
tion.  A  preliminary account of the  present experiments has  appeared  else- 
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Methods 
Crayfish of several species  (Cambarus Bartoni,  C.  Clarkii,  Orconectes virilis)  were used 
in this study; there were no apparent differences among them. They were prepared 
for the  experiment intact,  pinned  ventral  side  up  in  a  lucite disseeting  dish  con- 
taining Van Harreveld's solution (I I). A strip of ventral exoskeleton with the under- 
lying hypodermis was removed to expose the abdominal portion of the ventral nerve 
cord, and the blood vessel and loose connective tissue were dissected away from the 
surface of the cord. The pairs of roots which pass posteriorly from the sixth ganglion 
were prepared for stimulation in groups, usually with two or three of the ventromedial 
roots  from  one  side  stimulated  together.  When  intracellular  recording  was  used, 
the roots were left intact and stimulated in the solution with pairs of fine enamelled 
niehrome electrodes scraped  bare  at  the  point  of contact.  On  the occasions when 
root  stimulation  was  used  in  combination  with  extracellular  recording,  the  roots 
were severed peripherally and drawn into an oil layer for stimulation. In some experi- 
ments only natural stimuli were used, and the roots were left intact. 
Natural  stimuli were produced  by various means.  Tactile  hairs  were stimulated 
manually with  fine  needles,  or with  a  vibrator unit  (Goodman  Industries)  driven 
synchronously with the oscillograph sweep.  Manual extension or flexion of uropods 
and telson was used to activate proprioceptive afferents. It should be noted, however, 
that it is difficult by any of these means to assure an absolutely modality pure input. 
Stimulation  with  the  vibrator unit  could  activate  both  proprioceptive and  tactile 
afferents; and even the most careful bending of an appendage can probably recruit 
some tactile fibers.  In practice, it was not difficult to determine the major afferent 
source for a  given unit by careful coverage of its receptive field with these two types 
of natural  stimuli,  and  by observation of its discharge  pattern.  The photoreceptor 
within the sixth ganglion was stimulated  by a  30 watt battery-operated auto head- 
lamp with a  heat filter and concentrating lenses. 
Fibers in  the ventral nerve cord anterior to the sixth  ganglion were isolated for 
extracellular recording by fine dissection following desheathing.  They were drawn 
up on a  fine silver electrode into an oil layer; the indifferent lead was placed in the 
solution  bathing  the  preparation. 
For  intracellular  recording,  glass  capillary  micropipettes  with  tip  diameters 
less than  1 t~, filled with 3 ~  KCI, were employed. The resistance of these electrodes 
ranged from  I0  to  30 megohms.  A  calibrated micrometer, rigidly fixed, advanced 
the microelectrode vertically towards the ganglion, so that penetrations were always 
made approximately perpendicular to its ventral surface. The electrode was always 
kept under microscopic observation during penetration. 
The  tough  sheath  of connective tissue which  surrounds  the  ganglion and  nerve 
cord posed a difficult problem in these experiments. In general, smaller (2 to 3 inch) 
animals  proved most satisfactory.  Some removal of the sheath  by fine dissection is 
possible,  and  was  performed  in  some  experiments.  Extensive  removal,  however, 
involves rather  violent treatment,  and  was  avoided,  as  was  the  use  of proteolytic 
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shape can achieve enough successful penetrations in these  preparations so that ex- 
treme procedures can be avoided. 
An Ag-AgC1 electrode, making contact with the KCI solution in the micropipette, 
was led into  a Grass cathode follower and P-6 preamplifier. The output of the pream- 
plifier  was fed into two D.C. coupled cathode ray oscilloscopes, one for monitoring 
signals, the other for photographic recording by means of a Grass kymograph camera. 
The intracellular recording method was used not to study precise changes in resting 
membrane potential, but rather as a means of isolating single units and of studying 
any slow potential changes that might occur as a  result of stimulation. Recorded 
units had resting membrane potentials ranging from 20 to 90 mv. A few gave spike 
discharges with overshoot,  but many failed to generate spikes equal to the resting 
membrane potential. In spite of this, such units maintained constant and predictable 
characteristics for as  long as  1 hour of continuous study.  Routine failure of over- 
shoot in crustacean neurons has also  been observed  by Hagiwara and Bullock  (6) 
in the cardiac ganglion. 
The extracellular data are based upon study of from 5 to 15 units in each of more 
than 50 preparations.  The examples of intracellular records represent a  sample of 
some 200 units, recorded in over 50 preparations. As with all such studies, the presen- 
tation of data involves selection; but the units chosen all show behavior characteristic 
of that seen in a number of others.  All intracellular records analyzed were from cells 
which maintained stable properties during periods of impalement ranging from 15 
minutes to 1 hour. Both the extra- and intracellular units studied did fall into cate- 
gories so that, during the later stages of the research,  accurate predictions of many 
properties could be made after observation of a few others. 
RESULTS 
From our survey of the ascending fiber population from the sixth ganglion, 
it  appears  that  the  tactile  afferents provide  the  most  prominent  source  of 
excitation. More than 50 per cent of the units studied responded to stimula- 
tion  of  tactile  hairs;  the  internuncial  population  serving  this  modality is 
varied, but can be broken into several groups.  The largest fibers  (as judged 
by the amplitude of extracellular spikes) all appear restricted to this modality. 
The  very largest  (including the  giants)  show no  spontaneous activity,  and 
respond  to  natural  tactile  stimuli with  a  single impulse or  a  brief burst  of 
discharges  (Fig.  1A).  Other  units,  also of large  size,  may show some spon- 
taneous  activity  of various  patterns,  and  also  respond  with  bursts  of im- 
pulses.  A  common  (though  not  universal)  feature  of  their  discharge  is  a 
post-burst  depression  of  spontaneous  activity  (Fig.  1B).  Frequently,  this 
depression of activity is the most prominent feature of the response.  In some 
units, the stimuli appear to cause pure inhibition, but in general one or two 
discharges  at  reduced  interval may be  seen  to  precede  the  "silent period" 
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The receptive fields of these  tactile  sensitive  interneurons  have  not  been 
analyzed in detail.  They are usually broad,  often involving either the whole 
set of terminal appendages or the uropods of one side. Receptive fields of the 
latter type are represented as a rule by interneurons located in the ipsilateral 
half of the nerve cord, an observation confirmed by microelectrode recordings 
within the ganglion.  Infrequently, units are found which respond to stimula- 
tion of only a  small patch of hairs on one appendage.  Such variation in the 
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Fioum~  I.  Responses of two interneurons to  tactile stimuli. A,  large  fiber without 
spontaneous activity. Records 1 to 5 are responses to stimuli of increasing amplitude 
delivered through vibrator unit to tactile hairs on telson (shock artefact). B, fiber with 
spontaneous activity. I, control sweep; 2-4, increasing tactile stimuli. Note postexcita- 
tory depression of spontaneous activity. Extracellular. 
receptive fields of central interneurons has  been  analyzed more thoroughly 
by Wiersma et al.  (14) with units isolated from circumesophageal connectives 
in crayfish. 
The  pattern  of activation of such  tactile interneurons has been  observed 
by  intracellular  recording  techniques  within  the  ganglion.  As  will  be  dis- 
cussed in  the  succeeding communication,  the  activity recorded in  this  way 
originates  from  fibers  in  the  dorsally  located  ganglionic  neuropile  rather 
than from the ventral region of cell somata.  In Fig.  2,  the excitation of such 
a  post-synaptic unit by natural tactile stimuli and by afferent volleys evoked 
electrically in  the  appropriate  roots  is  compared.  Each column of records, 
reading downward,  shows responses  to  increasing intensities  of presynaptic 
stimulation.  In  both  cases,  the  multiple  spikes  arise  from single  excitatory 660  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  ~3  "  I960 
post-synaptic potentials;  the essential similarity of response to both modes of 
stimulation  is obvious, though the electrically evoked volley in the roots is a 
more powerful input than the natural stimulus in this case. 
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Frotn~ 2.  Post-synaptic responses to electrical stimuli delivered through ventromedial 
roots (column E) and to tactile stimuli delivered to uropod hairs (column T). Records 
from top downward are at increasing stimulus intensity. Intracellular. 
Frequently,  the  intraceUular  records  of such  evoked  activity  are  of very 
much  more  complex form  (Fig.  3),  Here,  spikes  of two distinct  amplitudes 
occur in response to increasing  intensities  of tactile  stimuli  (rows A  through 
D).  The  large  spikes occur in  bursts,  with some amplitude  variation  during KENNEDY AND PRESTON  Activity Patterns of Caudal Ganglion Interneurons  66I 
each burst.  The smaller spikes occur with a  regular frequency pattern during 
intense  stimulation  (Fig.  3E,  recorded  at  slower  sweep  speed),  and  appear 
in  some  cases  to  initiate  the  large  spike  bursts.  It  may  be  that  the  small 
spikes represent activity in a  branch  of the main fiber; such an interpretation 
lltlltlVltllttt~1~!  2msec. 
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FICURE 3.  Post-synaptic  responses to tactile stimuli. Rows A through D show repre- 
sentative responses at each of a series of increasing tactile stimulus intensities. Stimulus 
intensity on row E same as D, but recorded with slower sweep speed. Intracellular. 
has  been  given by Bullock and  Terzuolo  (1)  for diverse  activity of this  sort 
in  cardiac  ganglion  cells.  The  small  "spikes"  could  conceivably  represent 
synaptic  potentials;  but  (a)  they  are  of  much  shorter  duration  than  the 
other  excitatory  synaptic  potentials  encountered  in  this  study,  (b)  they  are 
not  graded,  which  would  imply  a  single  presynaptic  "relay"  source,  and 
(c)  despite their  uniformity of amplitude  they often fail to trigger  large spike 
discharge  under  conditions  where  refractoriness  cannot  be held  accountable 
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The  discharge  frequencies found  in  these  interneurons  show  considerable 
variation.  Some units,  generally the  larger  tactile fibers,  will fire a  very few 
impulses  at  up  to  500  per  second.  More  usually,  however,  discharge  rates 
FmURE  4.  Proprioceptive  activation  of three  interneurons.  Top  two  records  show 
responses to  increasing  amplitudes  of telson  extension  in  unit  showing  spontaneous 
activity. Third record,  a unit without spontaneous  activity responding  to right medial 
uropod extension. Bottom record,  inhibition  of spontaneous discharge by telson exten- 
sion in a third unit. Calibrations  refer to record  above. Extracellular. 
do not exceed  100  per second,  and  the  average frequency is  probably lower 
than  that  found  in  mammalian  spinal  interneurons  (4,  9).  Some  units  en- 
countered in these experiments responded with single impulses to single root 
volleys.  Such  units  were  capable  of  one-to-one  "following"  of  repetitive 
presynaptic  stimulation  up  to  10  to  15  per  second.  Dropping  out  of post- 
synaptic responses was invariably noticed at frequencies exceeding 20 stimuli 
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A  second  class  of internuncial  elements,  nearly  as  common  as  the  tactile 
units  which  have just  been  described,  exhibits  responses  exclusively to  pro- 
prioceptive  stimulation.  Extracellular  records  of  such  units,  activated  by 
extension of the telson,  are shown in Fig. 4.  Such units may or may not show 
spontaneous activity (compare the two units shown in the upper 3 records of 
Fig.  4),  though they most commonly do; and in general,  they are among the 
smaller  fibers.  Movement  of  an  appendage  in  a  particular  direction  may 
result in either increase  (Fig.  4,  top 3 records)  or suppression  (Fig.  4, bottom 
record)  of the  "spontaneous"  discharge  frequency.  Fig.  5  shows  responses 
from  two other  such  units.  In  A,  an  extremely high  discharge  frequency of 
the  large  spikes  results  from  uropod  extension.  Adaptation  is  usually  slow, 
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Fzou~E 5.  A, large unit showing rapid discharges in response to telson extension, with 
a smaller spike from a spontaneously active fiber not responding to the stimulus. Records 
1, 2, and 3 represent increasing degrees of extension; C is a control sweep  in the absence 
of stimulation. B, adaptation  to maintained  telson extension in  another  unit.  C  is a 
control sweep; 1 and 2 were recorded about 2 seconds apart during maintained extension. 
Extracellular. 
but  shows  considerable  variation.  In  Fig.  5B,  the  control  sweep  (C)  shows 
the  absence of spontaneous  activity; records  1 and  2,  taken  about  2  seconds 
apart,  show  adaptation  to  maintained  extension.  Variations  in  adaptation 
rate  are  to  be  expected,  since  the  primary  proprioceptor  afferents  include 
both tonic and phasic types (13).  Receptive fields usually include the uropods 
of one  side,  and  often  the  telson  as  well;  many  respond  to  extension  of all 
tail appendages. 
A  third  class  of units  shows responses  to  two modalities:  light  and  touch 
Such  fibers  are  usually  small,  and  show  rather  arrhythmic  spontaneous 
activity or  (rarely)  none  at  all.  Fig.  6  shows an  extracellular  record  of such 
a  unit,  demonstrating  a  tonic  frequency  increase  upon  stimulation  of  the 
sixth  ganglion  with  light.  As  shown  in  the  bottom  record,  the  same  unit 
also  responded  to  tactile  stimuli  with  "burst"  discharges.  On  several  oc- 
casions,  units  such  as  the  ones figured  were  recorded  from  continuously  for 
fairly  long  periods.  Under  such  conditions,  there  was  frequently  a  gradual 
drop  in  the  over-all  excitability  of the  cell,  expressed  by  a  decline  in  the 664  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  43  •  ~96o 
level of spontaneous  activity and  a  reduction in  the response  to light.  When 
this had progressed  to the point where no discharges in response to illumina- 
tion could be observed, light stimulation still had a  marked effect in lowering 
the  threshold  for  tactile  driving.  On  two  occasions,  illumination  was  ob- 
served to inhibit both spontaneous activity and the response to tactile stimuli 
In  Fig.  7,  an  intracellular  record  of a  similar  unit  within  the  ganglionic 
neuropile  is  shown.  Only  a  very few representatives  of this  type were  pene- 
trated  in  these  experiments,  which  also  suggests  that  they  are  of small  size. 
FIGURE 6.  Responses of an interneuron to light and touch.  Top 2 records  (continuous) 
show response to illumination of sixth ganglion  photoreceptor. Bottom record, responses 
to  tactile  stimuli  delivered in  the  dark.  Arrows  mark  approximate  time  of stimuli. 
Extracellular. 
The  nature  of  the  primary  photoreceptor  units  in  the  sixth  ganglion  is 
obscure.  Histological investigations have failed to reveal the presence of cells 
resembling those found in other photoreceptors, and the tentative assumption 
has  been made  that  they are slightly modified neural ganglion cells  (7).  The 
present  data  raise  the  question  of whether  the  interneurons  described  above 
are first or second order units; or, put another way, whether they might have 
a  direct  photosensory function  and  at  the  same  time  serve  as  second  order 
(or higher)  cells for another sensory modality.  It is possible to record in whole 
excised  nerve  cords  the  responses  of one  to  two  photoreceptor  fibers  which 
are believed to be first order.  Under  the  conditions  of such  experiments,  the 
spontaneous  activity  characteristic  of  the  excised  cord  has  been  virtually 
eliminated  by storage  in  Van  Harreveld's  solution  at  10-15°C.  for a  period ~ENNEDY  AND  PRESTON 
G 
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FIOURE 7.  Intracellular record of light responses in a  unit similar  to that shown in 
Fig. 5. Bottom trace is a reference line. Column C, control sweeps (dark), showing ran- 
dom spontaneous  activity Constant illumination begins at start of first sweep in "on" 
column, and ends at start of first sweep in "off" column. Note slow depolarization during 
illumination. 
of 24  hours.  Presumably,  the  electrical silence  of the  cords  is  due  to synap- 
tic blockade, since large numbers of fibers in the cord can be directly excited 
by electrical stimuli  under these conditions.  The response of the photorecep- 
tot fibers is,  however,  unimpaired;  and  it  therefore seems  probable that  the 
afferents  pass  anteriorly  in  the  cord  without  synapsing.  Single  fibers  with 
identical  discharge  patterns  have,  occasionally,  been  isolated  in  the  present 666  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  43  "  I96O 
study.  These  presumed  primary  afferents  are  characterized  by  extremely 
regular discharges during illumination,  by  constant  frequency spontaneous 
activity  in  the  dark  (in  intact  preparations),  and  by  a  characteristic dis- 
charge pattern with a  "silent period" when the stimulus is intense (7).  The 
units shown in Figs.  6  and  7,  on the other hand,  show quite irregular dis- 
charge  rates  during  stimulation,  have  very  high  response  thresholds,  and 
do not exhibit the characteristic high intensity discharge pattern.  On  these 
grounds,  and  because  it  seems  unlikely  that  a  primary  photosensory  cell 
would function as  an integrator of other inputs  as well, we feel justified in 
assuming that the activation by light of units such as those in Figs. 6 and 7 
is also synaptically mediated. It is interesting that the intracellular discharge 
(Fig.  7)  shows repetitive firing from a  prolonged depolarization,  indicating 
that  the recording site is reasonably close to the zone of synaptic impinge- 
ment; and the prolonged generator action is not destroyed by the impulses 
it produces. Similar behavior has been noted in the ganglion cells of the ver- 
tebrate retina by Wiesel (15). 
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8  AA~.~  in  two  units  in  the  absence  of  stimulation. 
80 .sEe.  A,  intracellular.  B,  extraceUular. 
A  final type of unit exhibiting regular spontaneous activity has  been ob- 
served  frequently  with  extracellular  recording  and  less  frequently  with 
intracellular microelectrodes. The "spontaneous"  discharge pattern  of such 
cells in the absence of sensory stimulation is shown in Fig. 8, where A  is an 
intracellular record  and  B  another  unit  recorded extracellularly.  The  dis- 
charge is remarkably constant, and remains so in most cases for long periods 
of time.  The frequency is  usually about  20  per second,  though frequencies 
of over 30 have been seen (Fig. 8B).  This is the only type of unit which can 
never be activated by any of the natural stimuli at our disposal, or by elec- 
trical stimulation of the roots.  Similar discharge patterns have been reported 
from  circumesophageal fibers  (14).  The  intracellular  records  of such  cells 
show  regular  depolarizations  preceding  the  discharge  of  impulses  which 
resemble those found in "pacemaker"  ceils  (vf. Bullock and Terzuolo  (I)). 
DISCUSSION 
1.  Discharge  Characteristics  of  Interneurons 
The patterns of activity encountered in the interneuron population ascending 
from the sixth ganglion are similar in many respects to those found in roam- KENNEDY AND PRESTON  Activity Patterns of Caudal Ganglion Interneurons  667 
malian  spinal  interneurons  (4,  9).  Particularly  striking  is  the  finding of a 
variety of spontaneous activity patterns; while some units show fairly regular 
spontaneous discharges, others are active in bursts (cf.  the "frequency modu- 
lation" of some mammalian internuncials (Frank and Fuortes (4)),  suggest- 
ing that their excitability in the intact but "unstimulated" state shows con- 
siderable waxing and waning. Such temporal variations in excitability have 
also  been  noted  in  units  without  spontaneous  activity  when  tested  with 
single afferent volleys or with constant intensity natural stimuli. 
Natural  stimulation of such post-synaptic units has also revealed similar- 
ities with the mammalian internuncial system. For example, tactile activation 
(or  phasic  proprioceptive stimulation)  of a  spontaneously active  unit  fre- 
quently  results  in  a  postexcitatory  inhibition  of the  resting  discharge.  In 
mammals, too, this is often the most prominent sign of activation (4). 
Units ascending from the sixth ganglion appear  to receive a  highly con- 
vergent excitatory input from both tactile and proprioceptive sources in the 
tail  segments, with  receptive fields  often  covering the  entire  set  of caudal 
appendages.  Wiersma  et  al.  (14)  have  shown that  interneurons in  the  cir- 
curnesophageal  connectives  which  respond  to  tactile  stimuli  may  have 
receptive fields involving the entire body surface, or one-half of it,  although 
in their studies a larger number of restricted field units was seen than in ours. 
The breadth of peripheral field shown in  the present work may in part be 
attributable  to  the  synergic  action  of  the  caudal  appendages  in  natural 
movements; but it seems likely that  the restricted  number of central  units 
has much to do with the high degree of convergence found. 
The density of the excitatory input to such post-synaptic units is indicated 
by at least  two other findings. First,  virtually all  intracellular records from 
such cells have demonstrated the presence of graded excitatory post-synaptic 
potentials resulting from a  single afferent volley. Such results suggest that a 
fairly large  number of afferent fibers  makes functional connections with  a 
single  post-synaptic  element.  Second,  a  common  feature  of  internuncial 
responses is  the convergence of afferents from different receptor types onto 
the  same  central  neuron--often,  apparently,  directly  from  the  first  to  the 
second order  level.  This  has  been  generally observed in  these  experiments 
only between light and  touch; but much of this sort of behavior may have 
been missed because of the difficulty of rigidly separating proprioceptive and 
tactile natural stimuli. 
There are a number of difficulties inherent in making correlations between 
size and type of activity in this neuron population. Both recording techniques 
used select strongly for the larger fibers; and estimates of fiber size, based upon 
observation during dissection or upon the size of the extracellular spike, are 
very  rough.  Nevertheless,  one  generality  can  be  made:  the  large  fibered 
neurons tend to show less spontaneous activity, and to make functional con- 
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seem to  have  an  adaptive  appropriateness,  since  the  phasic  inputs  are  (a) 
more important  in  the  "escape"  reactions mediated by the fast conducting 
systems, and  (b)  are more likely to be "lost" if carried by fibers with a  very 
high  level  of  spontaneous  activity. 
2.  Responses  to  Natural  Stimuli  and  A1~erent  Volleys 
In view of the breadth of excitatory input to single post-synaptic cells in the 
sixth ganglion, it might be anticipated that electrical stimulation of afferent 
roots--which  must  provide  a  very  "impure"  source  of  excitation--would 
produce  quite  different results  from  those  obtained  using  natural  stimuli. 
Such  volleys  would,  for  example,  be  expected  to  have  a  far  greater  syn- 
chrony  than  the  naturally  produced  afferent  inflow,  both  because  of  the 
shorter peripheral conduction time and because even the most phasic natural 
stimulus  must  generate  iterative  sensory  responses. 
However, the responses of post-synaptic units to root shocks and to natural 
stimuli  are  quite  similar.  The  two modes of activation  sometimes differ in 
their ability to generate long lasting discharges, but the form and time course 
of synaptic potentials,  and the pattern of post-synaptic discharge from them 
are,  in  general,  the  same.  It  is  uncertain whether the  connections between 
the afferent fibers stimulated and the unit recorded from in a particular case 
are  mono- or  polysynaptic.  It  appears,  however,  as  if the  discharge of the 
units  recorded is  determined by the  amplitude and  time course of synaptic 
potentials  resulting  from  afferent  stimulation,  and  not  by  any  1:1  corre- 
spondence  between  prefiber  and  postfiber  activity. 
3.  Function  of  the  Sixth  Ganglion  Photoreceptor 
The  function  of  the  caudal  photoreceptor  has  not  yet  been  determined, 
though Welsh has suggested  (12)  that it is concerned with the regulation of 
locomotor activity.  Its  afferent connections in  the sixth  ganglion suggest its 
suitability for such a  role, especially the fact that  they affect in a  tonic way 
the  activity  of  a  number  of  interneurons  which  also  receive  input  from 
peripheral afferent sources. Even in the absence of a direct effect, photorecep- 
tor  stimulation  can  facilitate  the  transmission  of other  sorts  of sensory in- 
formation  through  subliminal  effects  on  post-synaptie  excitability.  Also 
appropriately,  this  system  shows  no  functional  connections  with  the  large 
interneurons  (including  giants)  which  mediate  "escape"  responses. 
4.  "'Spontaneous"  Activity 
As  used  here,  the  term  spontaneous  activity  indicates  only  that  the  unit 
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described above.  Any interneuron studied in  an intact preparation  is  likely 
to  be  under some afferent bombardment from a  variety of sources,  and  its 
discharge  under  such  conditions  cannot  be  thought  of as  independent  of 
sensory inflow. Nevertheless, it is likely that not all of the activity of central 
units  may  be  accounted  for  in  this  way.  Excised  ventral  nerve  cords,  for 
example,  maintain  spontaneous  activity  for  many  hours  after  isolation; 
and in the present experiments, units have been observed which maintained 
a similar spontaneous activity pattern after total isolation of the sixth ganglion 
from the periphery and  from the rest of the central nervous system. 
It seems probable that endogenously active cells within the central nervous 
system must  be  responsible  for  the  maintenance of a  part  of this  activity. 
The discovery of spontaneously active cells with regular discharge frequen- 
cies, unmodifiable by specific afferent inputs,  may well be significant in this 
regard.  It is tempting to speculate that such neurons may act as a  segmental 
"activating system" for the maintenance of excitability. 
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